The precise temporal and spatial concentration of microtubule-associated proteins (MAPs) within the cell is fundamental to ensure chromosome segregation and correct spindle positioning. MAPs form an intricate web of interactions among each other and compete for binding sites on microtubules. Therefore, when assessing cellular phenotypes upon MAP up-or downregulation, it is important to consider the protein interaction network between individual MAPs. Here, we show that changes in the amounts of the spindle positioning factor Kar9 specifically affect the distribution of yeast EB1 on spindle microtubules, without influencing other microtubule-associated interacting partners of Kar9, i.e. yeast XMAP215 and CLIP-170. Alterations in the distribution of yeast EB1 explain chromosome segregation defects upon knockout, overexpression or stabilization of Kar9 and provide an example for non-linear effects on MAP behavior after perturbation of their equilibrium.
Introduction
A fundamental task of cell division is the correct distribution of the duplicated genetic material among daughter cells, which is achieved by a dynamic bipolar array of microtubules called the mitotic spindle. While kinetochore microtubules connect chromosomes to opposing spindle poles, astral microtubules contact the cell cortex in order to position and orientate the spindle according to the geometry of cell division. Both spindle subdomains require a precise setup of MAPs that organize microtubules to form the spindle, link them to other cellular structures or alter their dynamics (for reviews see 9, 23 ). Because of its comparably small amount of different MAPs, Saccharomyces cerevisiae represents an excellent model organism to study their individual contributions to chromosome capturing and spindle positioning. Moreover, due to closed mitosis in budding yeast, the kinetochore and astral microtubules are separated by the nuclear envelope during the entire cell cycle.
In budding yeast, both kinetochore and astral MTs (called cytoplasmic MTs, cMTs) employ a common subset of MAPs. However, specific MAPs on cMTs are required for spindle positioning and can be functionally divided into 2 discrete pathways. One pathway relies on cortically anchored dynein that pulls on astral microtubules. 5 The second pathway mediates linkage of microtubules to the actin cytoskeleton. 19 This connection is mediated by the protein Kar9, which forms a trimeric complex with the myosin V motor protein Myo2 and the yeast homolog of the MT plus-end binding protein EB1, called Bim1. 14, 15, 17, 26 Hence, movement of Myo2 on actin cables toward the bud generates forces on cMTs that eventually place the spindle close to the future site of cell cleavage. Recently, we showed that Kar9 is regulated by a degradation pathway originating at kinetochores. 11, 21 This regulation requires spatial proximity of Kar9 and the SUMO-targeted ubiquitin ligases Slx5-Slx8, which is achieved by a hitherto undetected nuclear transport of Kar9 and SUMO-dependent recruitment of Slx5-Slx8 to kinetochores. Most likely due to a predominance of nuclear export over import of Kar9, defects in this degradation pathway lead to an accumulation of Kar9 on cMTs and cause spindle mislocalization into the bud. In addition, increase of Kar9 on cMTs provokes also cytoplasmic retention of Bim1, leading to errors in chromosome segregation.
Interestingly, not only elevated levels of Kar9 but also knock out of KAR9 negatively affects chromosome segregation, a similarity shared between Kar9 and its presumed functional homolog in mammalian cells, the Adenomatous Polyposis Coli (APC) tumor suppressor. 7 Similarly to Kar9, APC has been detected at kinetochores and mutants of APC that are deficient in binding EB1 or microtubules display chromosome segregation defects. 6, 12 However, the molecular mechanism underlying this phenotype has not been clearly solved. Here, we investigate the influence of overexpression and knock out of KAR9 on the subcellular distribution of different MAP binding partners of Kar9 and discuss these results in the context of spindle function.
Results
Overexpression of KAR9 specifically affects the distribution of Bim1, but not of Stu2 or Bik1
Previously, we demonstrated that cells become almost completely depleted of the nuclear subpopulation of Bim1 and display severe defects in chromosome segregation upon overexpression of KAR9 21 and, for Bim1 localization, also Fig. 1a) . In order to investigate whether these phenotypes can be also attributed to mislocalization of the other MAPs that interact with Kar9, we examined the subcellular distribution of Stu2 (yeast homolog of XMAP215) and Bik1 (yeast homolog of CLIP-170) under the same conditions. Like Bim1, these proteins have been shown to interact with Kar9 in co-immunoprecipitation and in yeast 2 hybrid (Y2H) assays, 17, 18 suggesting that the abundance of Kar9 could also have an impact on these proteins. However, the nuclear populations of Stu2-YFP and Bik1-YFP were still clearly detectable in cells overexpressing KAR9 Fig. 1bi and ci) . Moreover, the fraction of Stu2-YFP and Bik1-YFP that co-localized with nuclear microtubules did not change between wild type and KAR9 overexpressing cells ( Fig. 1bii and cii) . This is in clear contrast to YFP-Bim1, whose nuclear fraction was significantly diminished almost to zero upon KAR9 overexpression (Fig. 1a) . This effect was not due to changes in the protein levels of Bim1 (Fig. 1d) or due to sequestration of Bim1 to overstabilized cMTs after Kar9 overexpression, as cMT length distribution was similar between wild type and Kar9-overexpressing cells (Fig 2e and f) . Finally, we tested the localization of a fusion between Kar9 and Bim1 (Kar9-Bim1-YFP). Unlike Bim1, the fusion protein was not detectable on the nuclear spindles but localized almost exclusively on cMTs, very similar to Kar9 (Fig. 1a) . Together, these results suggest that among all examined Kar9-interacting MAPs, only Bim1 is prone to be retained in the cytoplasm upon interaction with Kar9.
Knock out of KAR9 affects chromosome segregation by specifically shifting the distribution of Bim1 toward the nucleus
Similarly to overexpression, also knock out of the KAR9 gene (kar9D) leads to increase in chromosome missegregation events, 21 suggesting that Kar9 has a function in chromosome segregation. In this case, deletion of KAR9 in presence of other mutations that cause chromosome segregation defects is expected to exacerbate the mutant phenotype, resulting in slower cell growth (synthetic growth defect) or even lethality (synthetic lethality). Indeed, high throughput screens identified synthetic growth defects of kar9D in combination with deletions of the kinetochore components mcm16D and ctf19D.
2,25 While we could not confirm these genetic interactions under normal conditions, we actually observed synthetic growth defects in the presence of the microtubuledestabilizing agent benomyl (Fig. 2a) . However, it would be still possible that the observed genetic interactions were due to the spindle positioning defects of kar9D. Nevertheless, deletion of another component of the Kar9-dependent spindle positioning pathway, BNI1, that leads to spindle positioning defects similar to kar9D, did not lead to any synthetic effect with the mcm16D and ctf19D kinetochore mutants (Fig. 2a) . Therefore, the synthetic growth defect of kar9Dmcm16D and kar9Dctf19D cells is most likely due to errors in chromosome segregation caused by the kar9D deletion rather than errors in spindle positioning.
Considering that elevated levels of Kar9 lead to a cytoplasmic retention of Bim1, we wondered whether a decrease in cellular Kar9 amounts would have the opposite effect. Indeed, upon knock out of Kar9, the nuclear fraction of Bim1 was significantly elevated and cells displaying cytoplasmic Bim1 were less frequent (Fig. 2b) . This was not due to changes in the protein levels of Bim1 (Fig. 1d ) or due to a general loss of cMTs, as, in contrast, cMTs increased in length upon knock out of KAR9 (Fig. 2e and f) . Again, the distribution of Stu2 and Bik1 remained unaffected (Fig. 2c and d) , indicating that changes in the subcellular distribution upon KAR9 knock out are also specific for Bim1. Hence, the increase in nuclear Bim1 most likely accounts for phenotypes associated with KAR9 knock out regarding chromosome segregation 21 and the synthetic growth defect with the mcm16D and ctf19D deletions in the presence of benomyl (Fig. 2a) .
Discussion
In this extra-view article, we show that changes in Kar9 levels affect specifically the nucleocytoplasmic equilibrium of Bim1, but not that of other interaction partners of Kar9, i.e., Stu2 and Bik1. Naturally the question comes up, how Kar9 influences the distribution of Bim1 on a molecular level. One possibility is that binding of Kar9 blocks the nuclear import or accelerates the nuclear export of Bim1. Analysis of the amino acid sequence of Bim1 with the Eukaryotic Linear Motif Finder software 3 reveals a putative nuclear localization signal (NLS) of Bim1 within amino acids 103 and 125 (Fig. 3a) . However, this region does not overlap with the binding site for Kar9 (amino acids 187 -276 17 ). It thus seems rather unlikely that binding of Kar9 masks the NLS of Bim1. As the nucleocytoplasmic equilibrium for Kar9 lies clearly on the side of the cytoplasm, 21 it is therefore more plausible that Kar9 sequesters Bim1 to the cytoplasm upon binding, possibly by providing a much stronger nuclear export sequence (NES). This would be facilitated by a strong interaction between Kar9 and Bim1, which is indeed indicated by a high salt resistance of the complex in vitro (unpublished observations). Accordingly, a Kar9-Bim1-YFP fusion protein is hardly detectable in the nucleus and shows a similar distribution as Kar9 alone. A third possibility is that Kar9 retains Bim1 in the cytoplasm through its interaction with cortical factors, such as Myo2. Regardless of the mechanism, retention of Bim1 in the cytoplasm seems to be important to maintain its correct nucleocytoplasmic equilibrium. Hence, upon KAR9 deletion, the increase in nuclear Bim1 (Fig. 3b) could perturb microtubule dynamics and thus account for the observed defects in chromosome segregation.
The impact of Kar9 on the subcellular distribution of Bim1 brings up an interesting possibility regarding the role of nuclear Kar9. So far, the only function of nuclear transport of Kar9 seems to be enabling its destruction by SUMOtargeted ubiquitin ligases at kinetochores. We proposed different hypotheses regarding the reason for this nuclear degradation, such as a quality control that clears off kinetochore microtubules of different MAPs or a cost-saving mechanism that shifts the degradation from the widely distributed astral microtubules toward a more defined localization at kinetochores. However, it is possible that the nuclear transport of Kar9 is also required to balance the nucleocytoplasmic equilibrium of Bim1, which is additionally fine-tuned by the degradation of Kar9 at kinetochores. By acting on different levels, this control mechanism may be more robust compared to a simple regulation of Bim1's own nuclear import or export sequences. Considering the impact of Bim1 deletion and overexpression on chromosome segregation, 21 it seems plausible that cells maintain its equilibrium through import and export sequences on a second protein that is itself additionally controlled by ubiquitin-dependent degradation Interestingly, the impact of Kar9 levels on the nucleocytoplasmic distribution is specific for Bim1 and does not affect Stu2 and Bik1. Since Kar9 has been shown to interact physically with all 3 proteins, one would expect similar phenotypes, especially since Bim1 itself binds Stu2 and Bik1. An explanation for this specificity could be that the nuclear export sequence (NES) of Kar9 is accessible only within the Kar9-Bim1 complex, but not within Kar9-Stu2 or Kar9-Bik1. Moreover, the different binding affinities between these proteins certainly play a role, and Bim1 may be specifically disturbed because it forms with Kar9 a tighter complex compared to Stu2 and Bik1. Clearly, in order to dissect the molecular mechanism behind this phenomenon in detail, more experiments are required to better characterize the individual NLS and NES involved and the binding affinities of Kar9 to these factors. Importantly, however, this observation shows that equilibria between MAPs cannot be predicted in a simple, straightforward manner. As a further example, deletion of Bim1 increases the amount of the Kip2 kinesin on cMT plus ends, 1 although the opposite would be expected, given that Bim1 is a Kip2 processivity factor. 4, 20 The results presented here provide an interesting example, how a MAP can affect spindle function by affecting the subcellular distribution of other MAPs in a manner that is not simply predictable by its interaction profile.
Materials and methods

Strains and growth conditions
All yeast strains and plasmids are listed in Tables S1 and S2 ; Media and genetic manipulations were done as already described. 8, 10, 16 Imaging and macro for intensity measurement Image acquisition and analysis were performed as already described. 21 Images were acquired as z-series of 6 focal planes separated by 0.3 mm, respectively, and projected into a single plane maximizing the intensity. Images were analyzed using ImageJ, and statistical analysis was performed with Excel (Microsoft, Redmond, WA). For deconvolution, projected images were background-subtracted and deconvoluted using Huygens Essential 3.4 (Scientific Volume Imaging, Hilversum, Netherlands) with a point spread function experimentally obtained for the specific lens. For intensity measurement, regions of interest (ROIs) covering the according YFP signals were created as follows: duplicates of 8-bit maximum intensity projections of the image were subjected to different Gaussian blurs (sigma 3 and sigma 4) and subtracted from each other. The result was converted in to a binary mask using the same threshold for all images. ROIs were created using the "Analyze Particles" command with no restriction. Signal intensities of these ROIs were measured on an average intensity projection of the original images. Intensity values of signals overlapping with the nuclear spindle from individual cells (deduced from CFP channel) were divided by intensity values of all signals within the according cell to obtain the ratio of nuclear to total signals.
Western blotting
Whole cell lysates were prepared as already described. 13 For western blots, peroxidase anti-peroxidase (DakoCytomation) and anti-Arc1 (polyclonal, rabbit; E. Hurt; 22 ) were used.
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